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values which are significantly different. 30 min of air incubation in a relatively poorly buffered medium showed a significant reduction in calculated mitochondrial NAD+/NADH to 10.1 ±4.8. 30 min of exposure of cells to a hypoxic environment (equivalent to a nonventilated, perfused alveolus) caused significant reductions of NAD+/NADH in both compartments. Re-exposure of hypoxic cells to air produced a change toward normal in cytoplasmic NAD+/NADH but did not reverse mitochondrial abnormality. Uncertainties concerning the value of cytoplasmic and mitochondrial pH under control conditions and during experimental pertubations, limit absolute interpretation of NAD+/NADH ratios calculated from redox pairs, but the data suggest the following: (a) separate cytoplasmic and mitochondrial compartments for NAD' and NADH exist in the alveolar macrophage; (b) brief periods of exposure to moderate hypoxia of the degree seen in clinical lung disease produce decreases in both cytoplasmic and mitochondrial NAD+/NADH; (c) the mitochondrial changes are less easily reversed than the cytoplasmic changes; (d) measurements of NAD+/NADH provide an early sensitive indication of biochemical abnormality; and (e) careful 
INTRODUCTION
The intracellular oxidation-reduction potential (redox state) is a fundamental physicochemical property of biological systems, influencing the chemical behavior of all oxidizable or reducible compounds in the system. The redox state of the alveolar macrophage (AM)1 is of particular interest for several reasons. The normal alveolus, with its high P02, provides an environment for the AM which is more oxidized than that of most cells.
The AM is an obligate aerobe with a high resting oxygen consumption for a macrophage (1) , and the metabolic pathways subserving oxygen utilization should be sensitive to changes in redox state. Finally, the AM is exposed to various atmospheric pollutants which are oxidants or reductants and are potentially capable of affecting cellular redox state.
In a complex heterogeneous system such as a cell, standard redox electrodes are not entirely suitable for measurement of oxidation-reduction potential. A chemical approach to this problem is to define redox state by the determination of the ratio of an oxidized to a reduced redox couple. Since nicotinamide-adenine dinucleotide (NAD+) and reduced nicotinamide-adenine dinucleotide (NADH) are of major metabolic significance, the redox state of this pair is of obvious importance. However, measurements of total cell NAD+/NADH concentrations are not appropriate. Only free unbound nucleotides are directly involved in oxidation-reduction potential, but both NAD+ and especially NADH exist in the cell in protein-bound form (2 (4, 5) . The conversion of lactate to pyruvate has been shown to be essentially cytoplasmic in location (6) . Similarly, the conversion of P-hydroxybutyrate to acetoacetate is localized in the mitochondrial compartment (cristae) (7) . From consideration of the mass action law, theoretically one could calculate the free NAD+/NADH ratios for each compartment. This would require measurements of the equilibrium concentrations of the substrates as well as an estimate of compartment of pH and knowledge of the equilibrium constant of the given reaction. This approach has been used to calculate cytoplasmic and mitochondrial free NAD+/NADH in liver cells (8) .
In this paper, we will apply this approach to isolated rabbit AM. Data will be presented on the resting cytoplasmic and mitochondrial free NAD+/NADH. The effects of incubation in air and exposure to a hypoxic environment of approximately the Po2 of a nonventilated, perfused alveolus will be described. The potential reversibility of the changes produced by hypoxia will be indicated. The conceptual difficulties involved in this approach will be discussed.
METHODS

Preparation of AM
Rabbit AM were obtained by pulmonary lavage (9) . Apparently healthy male and female rabbits were sacrificed by intravenous air injection. The (10) , 90% or more of the AM were viable at the end of incubation. Pooled samples not meeting these criteria were discarded.
Conditions of incubation
The following five groups of studies were performed. All incubations were at 370C and lasted a total of 30 min. (c) Air incubation vs. hypoxic incubation (six studies). A pooled sample was suspended in the Ringer's phosphateglucose solution and divided into two samples; one aliquot was incubated in air, the other in an air-nitrogen mixture with an average Po2 of 36 torr.
(d) Hypoxic incubation followed by air incubation (six studies). A pooled sample was suspended in the Ringer's solution and incubated for 8 min in an air-nitrogen mixture with an average Po2 of 40 torr. An aliquot was removed for chemical analysis, and the incubation flask was flushed with air; the incubation continued for a further 22 min after which the remaining cellular material was removed for analysis.
(e) Hypoxic incubation in a well buffered system (nine studies). Incubation was exactly as in (c), with the addition of Tris buffer pH 7.4, 0.05 mole/liter to the Ringer's glucose-phosphate solution.
Analytical methods
All samples were centrifuged at 1000 g at 4VC for 30 sec; the supernatant was removed, and the cells were deproteinized with approximately 4 times their volume of a measured amount of ice-cold 7% perchloric acid. After standing 10 min on ice, the sample was centrifuged at 1000 g, at 4VC for 10 min; the supernatant was removed and neutralized to pH 7 with ice-cold 5 N KOH. The sample was allowed to stand for 30 min on ice and then was centrifuged at 37,000 g at -50C for 20 min. The supernatant was used for analysis of metabolites.
Lactate, pyruvate, p-hydroxybutyrate, and acetoacetate concentrations were measured enzymatically, using a fluorometric modification of established techniques (11) . Briefly, lactate and hydroxybutyrate were determined by adding pure specific NAD+-linked dehydrogenase, NAD+, and a hydrazine buffer (pH 9.0) to the final supernatant; NADH is formed stoichometrically and was measured in a Turner model 111 fluorometer (primary filter 360 miu, secondary filters 440 mu high band pass, and 1% neutral density). Enzymes used were beef heart lactate dehydrogenase' (Sigma Chemical Co., St. Louis, Mo.) and 8-hydroxybutyrate dehydrogenase3 (Sigma Chemical Co.). In a similar manner, concentrations of pyruvate and acetoacetate were measured by adding NADH, phosphate buffer (0.1 mole/liter, pH 7.0), and the appropriate enzyme to the final supernatant, and by measuring the decrease in fluorescence as the NADH was stoichometrically oxidized to NAD+. All standards were either standardized using enzymatic analysis of appropriate concentrations on a Beckman DU spectrophotometer or were carefully diluted from primary analytic standards. In all cases, standards and appropriate blanks were analyzed in the same series of determinations of the samples. All samples were analyzed either in duplicate or with a recovery cuvette which contained both a known amount of standard and the sample. In the concentration ranges measured, the concentration of NADH was proportional to its fluorescence. All duplicates agreed within ±8% of the mean (usually ±3%), and all recoveries were 100 +10% or the analyses were rejected. The same supernatant was used for measurement of the concentration of all four substrates. In this way determination of substrate ratios was made more accurate. In practice the concentration of each substrate in 1 ml of neutralized supernatant was determined, and these values were employed for calculating free NAD+/NADH ratios. This procedure eliminates the troublesome problem of precisely determining cell number or total cellular mass of the sample being analyzed. There is the disadvantage that absolute intracellular concentrations of the various substrates are not determined, but these values are not required for calculating NAD+/NADH ratios. In two experiments the total protein of the cellular mixture was measured by the method of Lowry, Rosebrough, Farr, and Randall (12) and absolute intracellular concentrations of the substrates calculated.
Po2 was measured in the gas phase by a modified Clark electrode (IL model 113) ; pH was measured at 370C on the supernatant using a Radiometer pH meter.
Calculations
For the conversion of lactate to pyruvate, Keq = 1.11 X 10-", and for the oxidation of fi-hydroxybutyrate to acetoacetate, Keq = 4.93 X 10-9 (8 cubation in a poorly buffered medium produce biochemical abnormality.
Moderate hypoxia produces significant decreases in NAD+/NADH in both cellular compartments (Table  III) . Since many tissue cells are normally exposed to ambient oxygen tensions substantially lower than those studied in these experiments, AM may manifest an unusual sensitivity to oxygen lack. It should be noted that extracellular pH is significantly lower in the hypoxic studies than in air incubation. In Table IV data are presented concerning the potential reversibility of hypoxic changes. After 8 min of exposure to a hypoxic environment, cells exposed to 22 min of air incubation show significant return of cytoplasmic NAD+/NADH toward normal values, whereas there is no significant return toward normal of mitochondrial NAD+/NADH. Table V summarizes the influence of a well buffered medium on cytoplasmic NAD+/NADH. There is no significant difference between cells incubated in 0.05 M TrisRinger's and freshly harvested cells. It appears that buffering at pH 7.0-7.4 protects the cytoplasm from the adverse effects of air incubation for 30 min. There is a significant decrease in cytoplasmic NAD+/NADH during hypoxia, despite the fact that extracellular pH does not change significantly. This suggests that the measured changes of redox state are at least partially independent of changes in extracellular pH.
DISCUSSION
The validity of the present approach depends in part on the achievement of equilibrium for the appropriate reactions. In the case of lactate dehydrogenase (LDH), there is convincing evidence that this enzyme is present in excess in most tissue cells. Hohorst, Kreutz, and Bucher (6) have shown that under certain conditions, three largely cytoplasmic dehydrogenase reactions (catalyzed by LDH, a-glycerophosphate dehydrogenase, and malate dehydrogenase) gave similar values for NAD+/ NADH. In ascites tumor cells (a largely anaerobic system) (13) and mouse brain (a largely aerobic system) (14) , the activity of LDH imposed no significant rate As regards P-hydroxybutyrate dehydrogenase, it has been shown in rat liver that enzyme activity is high enough to maintain equilibrium (16) . Also in rat liver, the use of glutamate dehydrogenase (localized in mitochondrial matrix) and 8-hydroxybutyrate dehydrogenase gave similar values for calculated NAD+/NADH under a variety of conditions (8), suggesting equilibrium conditions for both reactions. There are no available estimates of P-hydroxybutyrate dehydrogenase activity in AM, and further studies are indicated.
[Hf] enters directly into the calculation of NAD+/ NADH from the equilibrium constants. Previous estimates of free NAD+/NADH have assumed a pH of 7 for both cytoplasm and mitochondria (8, 17 (21) .
A major finding of the present studies is the demonstration that changes in calculated NAD+/NADH can occur without histologic evidence of cell damage. In view of the increasing interest in investigations of macrophage function, these results suggest the use of NAD+/ NADH as an early indicator of cellular abnormality. In addition, these studies emphasize the importance of close control of pH in experimental studies involving AM.
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